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LBNL-58447Cherenkov Radiation from Jets in Heavy-ion CollisionsV. Koh, A. Majumder, and Xin-Nian WangNulear Siene Division, Lawrene Berkeley National Laboratory, 1 Cylotron road, Berkeley, CA 94720(Dated: July 26, 2005)The possibility of Cherenkov-like gluon bremsstrahlung in dense matter is studied. We point outthat the ourrene of Cherenkov radiation in dense matter is sensitive to the presene of partonibound states. This is illustrated by a alulation of the dispersion relation of a massless partile ina simple model in whih it ouples to two di�erent massive resonane states. We further argue thatdetailed spetrosopy of jet orrelations an diretly probe the index of refration of this matter,whih in turn will provide information about the mass sale of these partoni bound states.PACS numbers: 12.38.Mh, 11.10.Wx, 25.75.DwThe goal of high-energy heavy-ion ollisions is to re-ate and explore a novel state of matter in whih quarksand gluons are deon�ned over distanes onsiderablylarger than that of a hadron. Lattie QCD alulations[1℄ have predited suh a transition with a rapid rise inthe entropy density at a ritial temperature of aboutT ' 170 MeV. However, the entropy density is seento level o� somewhat below the ideal gas limit. Calu-lations with a more sophistiated resummation of quasi-partile modes [2℄ within the hard-thermal-loop approx-imation [3℄ improve upon the ideal gas piture but arestill above the lattie QCD results near and just aboveT, suggesting that the plasma may possess a somewhatmore omplex struture in this regime. Indeed, reentlattie QCD alulations of spetral funtions [4, 5℄ �ndthe presene of harmonium states above T. This hasled to the suggestion that at moderate temperatures,T ' 1 � 2T, there exist many bound states [6℄ bothin the olor singlet and other olored representations,though lattie QCD results on baryon-strangeness or-relations an rule out the presene of many light boundstates involving only quarks and anti-quarks [7℄. Further-more, strong olletive ow observed in experiments atthe Relativisti Heavy-Ion Collider (RHIC) [8℄ also sug-gest a strongly interating plasma. Therefore, the natureof the relevant degrees of freedom in the matter reatedat RHIC needs to be further explored.It is the purpose of this Letter to argue and demon-strate that one an probe the resonane struture of thedense matter via the prodution of Cherenkov-like softhadrons along the path of quenhed jets. Jet quenhingor medium modi�ation of the jet struture has emergedas a new diagnosti tool for the study of partoni prop-erties of the dense matter [9℄. The modi�ation goesbeyond a mere suppression of inlusive spetra of lead-ing hadrons [10℄ and has been extended to inlude themodi�ation of two-hadron orrelations [11, 12℄. Of par-tiular interest for the present work is the experimentalobservation that soft hadrons orrelated with a quenhedjet have an angular distribution that is peaked at a �-nite angle away from the jet [13, 14℄, whereas they peakalong the jet diretion in vauum. In the piture of nor-

mal gluon bremsstrahlung indued by multiple partonsattering, one an identify these assoiated soft hadronswith those from the hadronization of radiated gluons.Beause of the Landau-Pomeranhuk-Midgal (LPM) in-terferene, the angular distribution of the indued gluonbremsstrahlung does peak at an angle � �p2=!gL awayfrom the initial jet diretion [15, 16℄. However, this angledereases with the length of the jet propagation or withthe entrality of the nulear ollisions. This is urrentlynot supported by the experimental data [13, 14℄.Two other known phenomena an, however, resultin suh an emission pattern: Mah ones generated bythe hydrodynamial propagation of energy deposited bya quenhed jet along its path [17, 18℄ and Cherenkovgluon radiation. The angle of partile emission from thegenerated Mah one is determined by the veloity ofsound whih an be alulated in lattie QCD. In thease of Cherenkov gluon radiation, the situation is lesslear. While the general phenomenon has been disussed[19, 20℄, the essential question, whether the index of re-fration, whih determines the one angle, is larger thanunity in deon�ned QCD matter has not been addressed.Indeed, alulations in the Hard Thermal Loop (HTL)approximation of QCD [3℄ do not allow for Cherenkovgluon radiation [19℄. Quenhed lattie QCD alulationsalso indiate a time-like dispersion relation for large mo-menta (p >> T ) at T > T [22℄. The situation, however,is unlear for soft modes p < T and at around T.In this Letter, we start with the realization thata large index of refration and therefore Cherenkov-like gluon bremsstrahlung an only result from oherentgluon sattering o� partoni bound states in the QGP.The situation is analogous to photons in a gas, wherethe oherent sattering o� atoms in the gas allows forCherenkov radiation, but not in a gas of single elementaryharged partiles. Thus the observation of Cherenkov-like bremsstrahlung in heavy-ion ollisions would serveas an signal for the presene of bound states in the QGP.Obviously, a large index of refration, orrespondingto a spae-like dispersion relation, requires attrative in-teration. This is where the bound states enter the pi-ture: It is natural to assume that these bound states



2have exitations, just like an atom, and gluon interationan ause transition between these bound states throughsimple resonant sattering. If the energy of the gluon issmaller than that of the �rst exited state, the satteringamplitude is attrative leading to an attrative optialpotential for suh a gluon. As a onsequene, the gluondispersion relation in this regime beomes spae-like andCherenkov radiation will our. Similar e�ets have beennoted in the ontext of gluon sattering in nulei [20℄ orpion sattering in nulear matter, where the transition ofthe nuleon to the Delta resonane provided the nees-sary attration [23℄.
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kFIG. 1: The general ontribution to the self-energy of � dueto transitional interation.To illustrate this e�et within �nite temperature �eldtheory, a simpli�ed model is employed: a massless salar� (representing the radiated gluon) oupled to two mas-sive salars �1; �2, representing a bound state and itsexitation. The interation is suh that � may indue atransition from �1 to �2 and vie-versa. The Lagrangianfor suh a system, ignoring the self-interations betweenthe salars, has the formL = 2Xi=1 12(��i)2 + 12(��)2 + 2Xi=1 12m2i�2i + g��2�3: (1)The oupling onstant g is dimensionful; this alongwith all other sales in this Letter will be expressed inunits of the temperature. Ignoring issues related to va-uum renormalizability of suh a theory, we fous on astudy of the dispersion relation of the massless salar insuh an environment. The thermal propagator of � inthe interating theory is given in general asD(p0; ~p) = 1(p0)2 � j~pj2 � �(p0; ~p; T ) ; (2)and the dispersion relation is given by the on-shell on-dition: (p0)2 � j~pj2��(p0; ~p; T ) = 0. Here, �(p0; ~p; T ) isthe thermal self-energy of � due to loop diagrams suhas the one shown in Fig.1. The imaginary parts of thisself-energy at �nite temperature has been disussed inRef. [21℄. In this Letter, the fous will be on the realpart of the one-loop self energy.

In order to disuss the the essential ontributions tothe self-energy, it is deomposed, following Ref. [24℄, as:�(p0; p) = g2 Z d3k(2�)3 12 (3)� " 12E1(~k) (f1 + n[E1(~k)℄g+ fn[E1(~k)℄g[p0+ E1(~k)℄2 � [E2(~p+ ~k)℄2)+ 12E1(~k) (f1 + n[E1(~k)℄g+ fn[E1(~k)℄g[p0 � E1(~k)℄2 � [E2(~p� ~k)℄2)+ 12E2(~k) (f1 + n[E2(~k)℄g+ fn[E2(~k)℄g[p0 + E2(~k)℄2 � [E1(~p+ ~k)℄2)+ 12E2(~k) (f1 + n[E2(~k)℄g+ fn[E2(~k)℄g[p0 � E2(~k)℄2 � [E1(~p� ~k)℄2)#;where, n(E) denotes the thermal (Bose-Einstein) dis-tribution. In the subsequent disussion, only the tem-perature dependent parts of the self-energy, i.e. thoseterms involving thermal distributions, are relevant. Inthe ase when m2�m1 � T , the last two terms are sup-pressed by Boltzmann fators as ompared to the �rsttwo. In the above equation, the �rst term representsthe standard resonant sattering ontribution, where the\gluon", �, absorbs the lower bound state, �1, and prop-agates through the spae-like o�-shell intermediate state�2. At low gluon momenta p, this is the dominant termwhih provides the neessary attration. In Fig.2, thereal and imaginary parts of the self-energy are plotted asfuntions of the energy for a �xed momentum j~pj = 1:5T ,m1 = T , m2 = 3T and g = 2T . Contributions to the realpart from the �rst two terms whih are the dominant on-tributions are also plotted. Note that at low energies, be-low the resonane (s � p20�~p2 = (m2�m1)2), we �nd at-tration as expeted from resonane sattering. At higherenergies, just before the threshold (s = (m1 +m2)2) forthe prodution of a pair of �1; �2 states, additional at-tration is also found for the given four-momentum. Thisorresponds to the emission of a �1 by � and reation ofan spae-like o�-shell �2. This region, however, is notrelevant for the subsequent disussion of Cherenkov ra-diation.In priniple, one should inlude the ontribution fromthe self-oupling of � to the self energy. For vetorgluons, suh a ontribution, in isolation, gives rise to atime-like dispersion relation, and in ombination with thegluon-resonane oupling may lead to a ompliated mo-mentum dependene of the dispersion relation. However,if the gluon-resonane oupling is muh stronger than thegluon self-oupling, one may neglet suh a ontributionto the self-energy.The resulting dispersion relations for di�erent hoiesof masses of �1; �2 are shown in Fig. 3. As expeted weobtain a spae-like dispersion relation in low momentum



3
0 10 20 30

(p0)
2
 - p

2

-0
.0

2
-0

.0
1

0
0.

01
0.

02
Re[Π(s)]
Im[Π(s)]

Re[Π{1}
(s)]

Re[Π{2}
(s)]

p=1.5T

FIG. 2: The real (solid) and imaginary part (dotted) of thefull self-energy and the �rst two ontributions (dashed anddot-dashed) from Eq. (4).whih approahes the light-one as (p0; p) is inreased.Even though we have studied a simple salar theory, theattration leading to Cherenkov-like bremsstrahlung hasits origin in resonant sattering. Thus, the result is gen-uine and only depends on the masses of the bound statesand their exitations.
0 0.2 0.4 0.6 0.8 1

p

0
0.

2
0.

4
0.

6
0.

8
1

p0

m1=1T,m2=3T
m1=0.5T,m2=3T
m1=0.5T,m2=1T

FIG. 3: The dispersion relation of � in a thermal mediumwith transitional oupling to two massive partiles. The di-agonal line represents the light-one.Another essential issue is the behavior of the imagi-nary part of the self-energy along the urve of the quasi-partile dispersion relation. The imaginary parts are al-ways found to be negative, whih in our onvention in-diates damping of the modes. In Fig. 4 we plot thereal and imaginary parts of the self-energies for values of(p0; p) whih satisfy the in-medium dispersion relation.

The two sets of urves orrespond to the �rst two setsof parameters in Fig. 3. One notes that the real parthas only moderate variation in this range of momentum.In ontrast, the imaginary part seems to rise in magni-tude. A large imaginary part indiates that the modeexperienes strong damping and will not propagate farin the medium. However, there seems to exist a rangeof soft energies and momenta in the dispersion relationwhere the imaginary part is very small allowing the pos-sibility for long range propagation of Cherenkov-like glu-ons. Even in the region where the imaginary part is largeand the mode is onsiderably damped, there ould stillbe a unique angular distribution of Cherenkov-like gluonbremsstrahlung [16℄ exept that the energy of these glu-ons is absorbed by the medium. The propagation of thisenergy through the medium an also ause soni shokwaves, however, with modi�ed Mah one angles.
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FIG. 5: Dependene of the Cherenkov angle on momentumof the emitted partile.where n(p0) = j~pj=p0 is the index of reetion. Usingthe dispersion relation in our simple model, the typialenergy sale for the soft mode where Cherenkov radia-tion an happen is p0 � T . The Cherenkov energy lossis about dE=dx � 0:1 GeV/fm for T � 300 MeV. Thisis muh smaller than the normal radiative energy lossindued by multiple sattering of the energeti partons[9℄. As disussed in Ref. [16℄, bremsstrahlung, indued bymultiple sattering, of soft gluons with a spae-like dis-persion relation an still lead to Cherenkov-like angulardistributions due to Landau-Pomeranhuk-Migdal inter-ferene. Suh Cherenkov-like gluon bremsstrahlung willlead to a similar emission pattern of soft hadrons as pureCherenkov radiation. Thus, a distintive experimentalsignature of the Cherenkov-like gluon radiation is thestrong momentum dependene of the emission angle ofsoft hadrons leading to the disappearane of a one-likestruture for large pT asssoiated hadrons.In onlusion, we have shown how bound states in theQGP or more generally additional mass sales give riseto radiation of Cherenkov gluons o� a fast jet traversingthe medium. These Cherenkov gluons lead to a one-like emission pattern of soft hadrons. The one anglewith respet to the jet diretion exhibits a strong mo-mentum dependene in ontrast to a Mah-one. PureCherenkov radiation leads to energy loss whih, however,is too small to aount for the jet suppression observedin RHIC experiments. Collision-indued Cherenkov-likebremsstrahlung [16℄ an explain both the observed en-ergy loss and the emission pattern of soft hadrons in thediretion of quenhed jets.

We thank F. Karsh and E. Shuryak for helpful dis-ussions. This work was supported by the Diretor, Of-�e of Energy Researh, OÆe of High Energy and Nu-lear Physis, Divisions of Nulear Physis, of the U.S.Department of Energy under Contrat No. DE-AC02-05CH11231.[1℄ F. Karsh and E. Laermann, arXiv:hep-lat/0305025.[2℄ J. P. Blaizot, E. Ianu and A. Rebhan, Phys. Rev.Lett. 83, 2906 (1999); J. O. Andersen, E. Braaten andM. Strikland, Phys. Rev. D 61, 074016 (2000).[3℄ E. Braaten and R. D. Pisarski, Nul. Phys. B 337, 569(1990); J. Frenkel and J. C. Taylor, Nul. Phys. B 334,199 (1990).[4℄ S. Datta, F. Karsh, P. Petrezky and I. Wetzorke, Phys.Rev. D 69, 094507 (2004).[5℄ M. Asakawa and T. Hatsuda, Phys. Rev. Lett. 92, 012001(2004).[6℄ E. V. Shuryak and I. Zahed, Phys. Rev. D 70, 054507(2004); Phys. Rev. C 70, 021901 (2004).[7℄ V. Koh, A. Majumder and J. Randrup,arXiv:nul-th/0505052.[8℄ K. H. Akermann et al., Phys. Rev. Lett. 86, 402 (2001);S. S. Adler et al., Phys. Rev. Lett. 91, 182301 (2003).[9℄ M. Gyulassy, I. Vitev, X. N. Wang and B. W. Zhang,arXiv:nul-th/0302077; X. N. Wang, Nul. Phys. A 750,98 (2005).[10℄ S. S. Adler et al., Phys. Rev. Lett. 91, 072301(2003).[11℄ C. Adler et al., Phys. Rev. Lett. 90, 082302 (2003).[12℄ A. Majumder and X. N. Wang, Phys. Rev. D 70, 014007(2004); arXiv:hep-ph/0411174.[13℄ J. Adams et al., arXiv:nul-ex/0501016; F. Wang, J.Phys. G 30, S1299 (2004).[14℄ S. S. Adler et al., arXiv:nul-ex/0507004.[15℄ I. Vitev, arXiv:hep-ph/0501255.[16℄ A. Majumder and X.-N. Wang, arXiv:nul-th/0507062.[17℄ J. Casalderrey-Solana, E. V. Shuryak and D. Teaney,arXiv:hep-ph/0411315.[18℄ L. M. Satarov, H. Stoeker and I. N. Mishustin,arXiv:hep-ph/0505245.[19℄ J. Ruppert and B. Muller, Phys. Lett. B 618, 123 (2005).[20℄ I. M. Dremin, JETP Lett. 30, 140 (1979) [PismaZh. Eksp. Teor. Fiz. 30, 152 (1979)℄; I. M. Dremin,arXiv:hep-ph/0507167.[21℄ H. A. Weldon, Phys. Rev. D 28, 2007 (1983).[22℄ P. Petrezky, F. Karsh, E. Laermann, S. Stikan andI. Wetzorke, Nul. Phys. Pro. Suppl. 106, 513 (2002).[23℄ G. F. Bertsh, B. A. Li, G. E. Brown and V. Koh, Nul.Phys. A 490, 745 (1988).[24℄ S. M. H. Wong, Phys. Rev. D 64, 025007 (2001); A. Ma-jumder and C. Gale, Phys. Rev. C 65, 055203 (2002)[25℄ J. D. Jakson, Classial Eletrodynamis, Seond Edition,John Wiley & Son, In.

http://arxiv.org/abs/hep-lat/0305025
http://arxiv.org/abs/nucl-th/0505052
http://arxiv.org/abs/nucl-th/0302077
http://arxiv.org/abs/hep-ph/0411174
http://arxiv.org/abs/nucl-ex/0501016
http://arxiv.org/abs/nucl-ex/0507004
http://arxiv.org/abs/hep-ph/0501255
http://arxiv.org/abs/nucl-th/0507062
http://arxiv.org/abs/hep-ph/0411315
http://arxiv.org/abs/hep-ph/0505245
http://arxiv.org/abs/hep-ph/0507167

